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Uncertainty of hyperon couplings and the electrochemical potential in neutron star matter
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Uncertainty of the hyperon couplings, in particular, that of theS2, in dense matter raises the question of the
behavior of the electrochemical potential in neutron star matter, which is crucial to the possible presence of the
kaon condensed phase. We show that regardless of this uncertainty, theL hyperon, whose coupling can be
constrained by its binding in nuclear matter and other observations, by itself, or also aided by theJ2,
introduces a saturation of the electrochemical potential just as theS2 would otherwise do, which tends to
mitigate against kaon condensation. The maximum possible mass of neutron stars appears to be
;(1.5–1.7)M ( independent of the uncertainties, the limit being imposed by any one of hyperonization,
deconfinement, or kaon condensation. Interestingly, such a limit is barely higher than the Chandrasekhar limit
on the iron core mass of presupernova stars. This leaves a very small mass window for the existence of neutron
stars, for the occurrence of supernovas, and therefore for a universe containing heavy elements and at least one
planet with life.
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I. INTRODUCTION

Hyperons, the strange members of the baryon octet,
likely to exist in high density matter and, in particular, in i
charge neutral form, often referred to as neutron star ma
The Pauli principle practically assures that their prese
will lower the Fermi energy of baryon species and hence
total energy at given baryon density. However, aside fr
this general argument, the coupling constants of hyper
also influence the extent of their participation. TheL hy-
peron is a partial exception to this uncertainty@1#. Its cou-
plings can be at least constrained by the experimentally
trapolated value of its binding in nuclear matter@2#, by the
results of an analysis of hypernuclear levels@3#, and by the
requirement that theory account for neutron stars of mas
great as 1.5M ( .

The important neutron star properties that hyperons ef
are the limiting neutron star mass and the possibility of ka
condensation. As compared to models populated only
nucleons and leptons, hyperons reduce the maximum m
by as much as 3/4M ( @1#. The reason their presence strong
effects the possibility of kaon condensation is as follows@4#:
The effective mass of kaons in nuclear matter is redu
from its vacuum mass by an attractive interaction with
nuclear medium@5#. If the K2 effective mass sinks to a valu
of the electron chemical potential as the density of ma
increases, theK2 can thereafter replace the electron as
charge neutralizing agent in neutron star matter. The ka
can all condense in the zero momentum state, whereas
trons have to occupy ever higher momentum states with
creasing density.However, hyperons may saturate the ele
tron chemical potential at a relatively low density, eith
postponing the appearance of a kaon condensate to a
density or preempting it altogether. The reason that hyper
can do this is because they carry conserved baryon ch
and they occur in all three charge states61 and 0. Therefore
it may happen that charge neutrality can be achieved m
energetically favorably among baryons with little particip
0556-2813/2001/64~2!/025801~4!/$20.00 64 0258
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tion of leptons.~Lepton number is not conserved because
neutrino loss from the star.! The foregoing conclusions o
Ref. @4# have been confirmed in subsequent work@6–9#.

That hyperons can contribute to the saturation of the e
tron chemical potential and may preempt thereby the c
densation of kaons depends, at first sight, on theS2 since it
is the lowest mass baryon of negative charge and can rep
a neutron and electron. Extrapolated atomic data suggest
it may feel repulsion at high density, which would mitiga
against its appearance in dense matter, although this rem
inconclusive@10#. Indeed, it has been suggested that the
sence of theS2 would mitigate the negative effect that hy
perons have on kaon condensation@11–13#.

However, we show in this paper that even if theS2 is
totally absent from dense neutral matter, theL hyperon, by
itself or aided by theJ2, also causes the electron chemic
potential to saturate and then decrease with increasing
sity. TheL is known to experience an attractive potential
normal nuclear matter@2# as does theJ2 @14–16#. The L
can replace neutrons at the top of their Fermi sea wit
reduction in the high value of the three-component of
isospin of neutron star matter, thus reducing the asymm
energy and with no increase in electron and proton pop
tion with increase of density@4#. TheJ2 can replace a neu
tron and electron and also enhance the proton populatio
the expense of the neutron, just as theS2, and has a low
density threshold in the absence of theS2. The net effect is
that hyperons disfavor kaon condensation by terminating
growth of the electron population and electrochemical pot
tial with increasing density, even if theS2 interaction were
so strongly repulsive that it is absent from neutron star m
ter in the density range relevant to those stars.

II. THEORY

We describe nuclear matter by the mean field solution
the covariant Lagrangian@4,17–22# which is a generalization
of the model introduced first by Johnson and Teller@23#, by
©2001 The American Physical Society01-1
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Duerr @24#, and later by Walecka@25#:
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The advantage of the model as compared with other mo
of nuclear matter is that it can be made to agree with fi
nuclear properties atsaturationdensity, the highest densit
for which we have any empirical knowledge, and it extrap
lates causally to all densities. The baryon species, denote
B, are coupled to the scalar, vector, and vector-isovector
sonss, v, and r. The masses are denoted bym with an
appropriate subscript. The sum onB is over all the charge
states of the lowest baryon octet (p,n,L,S1,S2,S0,J2,
J0) as well as theD quartet and the triply strange baryo
V2. However, the latter two are not populated up to t
highest density in neutron stars, nor are any other bar
states save those of the lowest octet for reasons given
where @4#. The cubic and quartics terms were first intro-
duced by Boguta and Bodmer so as to bring two additio
nuclear matter properties under control@19#. The last term
represents the free lepton Lagrangians. How the theory
be solved in the mean field approximation for the grou
state of charge neutral matter in general beta equilibr
~neutron star matter! is described fully in Refs.@4,17#.

The mean values of the nonvanishing meson fields
denoted bys,v0 ,r03, in which case the baryon effectiv
masses are given bymB

!5mB2gsBs and the baryon eigen
values by

eB~k!5gvBv01grBr03I 3B1Ak21mB
! 2. ~2!

In the above equations,I 3B is the isospin projection o
baryon charge stateB.

The Fermi momenta for the baryons are the positive r
solutions of

eB~kB!5mB[bBmn2qBme , ~3!

wherebB andqB are the baryon and electric charge numb
of the baryon stateB, andmn andme are independent chem
cal potentials for unit baryon number and unit negative el
tric charge number~neutron and electron, respectively!. The
lepton Fermi momenta are the positive real solutions of

Ake
21me

25me , Akm
2 1mm

2 5mm5me . ~4!

These equations~3! and ~4! ensure chemical equilibrium.
Charge neutrality is expressed as identically vanish

charge density
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~2JB11!qBkB
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l
kl

3/~3p2!50, ~5!

where the first sum is over the baryons whose Fermi m
menta arekB and the second sum is over the leptons e2 and
m2. By simultaneously solving the meson field equatio
the condition for charge neutrality, and the conditions
chemical equilibrium~3!, ~4!, we get the solution for the
three mean fields, the two chemical potentials, the two lep
Fermi momenta, and theN baryon Fermi momenta~whereN
is the number of baryon charge states populated! of beta-
stable charge-neutral matter called neutron star matter a
chosen baryon density in the hadronic phase,

r5(
B

~2JB11!kB
3/~6p2!. ~6!

The equation of state can be calculated at each baryon
sity for which the solution for the 71N variables enumer-
ated above has been found. It is

e5 1
2 ms

2s21 1
2 mv

2 v0
21 1

2 mr
2r03

2

1(
B

2JB11

2p2 E
0

kBAk21mB
! 2k2dk

1(
l

1

p2E0

klAk21ml
2k2dk, ~7!

which is the energy density, while the pressure is given b

p52 1
2 ms

2s21 1
2 mv

2 v0
21 1

2 mr
2r03

2

1
1

3 (
B

2JB11

2p2 E
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kB
k4 dk/Ak21mB

! 2

1
1

3 (
l

1

p2E0

kl
k4dk/Ak21ml

2. ~8!

These are the diagonal components of the stress-energy
sor

Tmn52gmnL1(
f

]L
]~]mf!

]nf. ~9!

Five of the constants of the theory can be algebraically
termined by the properties of nuclear matter@17#. The con-
stants are the nucleon couplings to the scalar, vector,
vector-isovector mesonsgs /ms , gv /mv , and gr /mr and
the scalar self-interactions defined byb and c. The nuclear
properties that define their values used here are the bin
energyB/A5216.3 MeV, baryon densityr50.153 fm23,
symmetry energy coefficientasym532.5 MeV, compression
modulusK5240 MeV, and nucleon effective massm* /m
50.78. How these choices are related to empirical data
discussed in Chap. 4, Sec. 5, of Ref.@17#.

Nuclear matter at normal density does not depend on
hyperon couplings. Elsewhere we have shown how they
be made consistent with~1! the data on hypernuclear level
1-2
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~2! the binding of theL in nuclear matter~which can be
determined quite accurately from an extrapolation of the
pernuclear levels to large atomic numberA), and~3! neutron
star masses@1#. We shall assume that all hyperons in t
octet have the same coupling as theL. The couplings are
expressed as a ratio to the above-mentioned nucleon
plings,

xs5gHs /gs , xv5gHv /gv , xr5gHr /gr . ~10!

The first two are related to theL binding by a relation de-
rived in @1# and the third can be taken equal to the second
invoking vector dominance. Together the hyperon couplin
are limited to the range 0.5,xs,0.7 @1# and we takexs

50.6. The corresponding value ofxv is 0.658.

III. RESULTS

To illustrate that the behavior of the electrochemical p
tential is only slightly influenced by the question of wheth
the S2 hyperon experiences a strong repulsion in nucl
matter, we consider two cases, in one of which all hyper
are coupled with the same strength as theL, whose coupling
can be constrained by observation as described above. I
other case, we consider the extreme case where theS2 ex-
periences such a strong repulsion that it does not appear
in matter to densities exceeding those found in neutron s
To illustrate how hyperons arrest the growth of the elect
chemical potential with increasing density, we compare
above cases with a model in which only nucleons and l
tons appear. In the latter case, the electrochemical pote
increases monotonically with density, and it is on that beh
ior that the case for kaon condensation mainly rests.
results can be compared in Fig. 1.

It is apparent that the hyperons limit the growth of t
electrochemical potential at a density of 2.5–3 times nuc
density and bring about its monotonic decrease at hig

FIG. 1. Electrochemical potential in neutron star matter a
function of density. Three cases are compared:~1! only nucleons
and leptons are present~dashed line!, ~2! nucleons, hyperons, an
leptons are present~solid line!, ~3! nucleons, leptons, and hyperon
except theS2 are present~dash-dot line!.
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density from a maximum value of about 200 MeV, which
far below the vacuum mass of theK2 of 494 MeV. This
renders kaon condensation problematic, and further prog
on this question will require very accurate evaluation of t
behavior of theK2 mass as a function of density, as well
continuing experimental work on hyperon interactions.

It is interesting to see how the hyperon populations ad
to the possible absence of theS2. This can be viewed by
comparing Figs. 2 and 3. The second of these two figure
the one in which theS2 is absent. We see that to compensa
the absence of theS2, the L threshold has been reduce
somewhat, and theJ2 threshold has been greatly reduce
These changes take place to most economically bring a
charge neutrality in neutron star matter and illustrate h

a

FIG. 2. Particle populations in neutron star matter contain
nucleons, hyperons, and leptons.

FIG. 3. Particle populations in neutron star matter contain
nucleons, hyperons~absent theS2 because of strong repulsion!,
and leptons.
1-3
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powerful the Pauli principle is in arranging fermion popul
tions of conserved type in dense matter so as to minim
energy at given density. The great reduction of theJ2

threshold in the absence of theS2 occurs because it is
charge favored, replacing a neutron and electron at the to
their Fermi seas~although bothJ2 andS2 are isospin un-
favored! @4#. The threshold condition for baryonB is

mn>qBme1gvBv01grBr03I 3B1mB2gsB . ~11!

The sign ofgrBr03 is determined by the net isospin dens
of the star, which is dominated by the neutron. The first te
on the left determines whether a given baryon charge sta
charge favored or unfavored and the third term whether
isospin favored or unfavored.

The maximum neutron star mass is only somewhat p
turbed by uncertainty in theS2 coupling as can be seen i
Fig. 4. It is seen that hyperons significantly reduce the l
iting neutron star mass to a value;1.5M ( in this theory
with coupling constants chosen in accordance with nuc
and hypernuclear data. The latter data are not nearly as
as the former and introduce some uncertainty. A limit
;1.7M ( for neutron stars would be compatible with the
uncertainties, but is in our estimation less favored than
first limit mentioned@1#. Either of these limits leaves a ver
small mass window for the existence of neutron stars, for
occurrence of supernovas~powered as they are by the ne
tron star binding energy!, and therefore for a universe con
taining heavy elements and at least one planet with life~2nd
edition of @17#!.
ys
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FIG. 4. Neutron star sequences corresponding to the three c
defined in Fig. 1.~Logarithm is to the base 10.!
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